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ABSTRACT

Unmanned aerial vehicles have the ability to monitor plant health when equipped with
certain types of cameras that allow for visualization of the Normalized Difference Vegetation
Index (NDVI). The result is a color-coded image that highlights areas that are in bad health and
in need of maintenance. When utilized for maintenance of large crops, the unmanned aerial
vehicles allow for maintenance optimization and overall cost reduction. This stage of the
research focuses on the construction of an autopilot, fixed-wing aircraft that is capable of
performing these flights. After experimentation with manual flight and simulated flights, a flying
wing airframe was equipped with autopilot hardware and programmed to fly missions of
appropriate length. A mission was successfully planned but the plane did not finish the mission
due to a minor error that caused it to stray from the designated path. Further work should involve
the installation of cameras modified for NDVI images. This thesis was completed as part of Dr.
H.J. Sommer's Unmanned Aircraft for Agricultural Applications (UAAA) research initiative,
which supports the development and testing of new methods for inspecting and treating plants,
soil, and water using unmanned aircraft.
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Introduction

Motivation and Background
Over the past fifty years, unmanned aerial vehicles have evolved from a mere
concept into a widely utilized military and commercial product. Numerous industries, such as oil
and gas, geophysical surveyors, and agriculture have all benefitted from the use of these
vehicles. Specifically focusing on the agricultural field, UAVs have the ability to monitor plant
health when equipped with certain types of cameras. This application can allow ease of
maintenance and cost reduction by optimizing maintenance schedules.
Furthermore, this thesis was completed as part of Dr. H.J. Sommer's Unmanned
Aircraft for Agricultural Applications (UAAA) research initiative. The overarching goal of
UAAA is to help scientists and farmers use unmanned aircraft to improve water quality, increase
crop yields, reduce production costs and prevent exposure to tedious or hazardous work
environments. This project specifically supports the development and testing of new methods for
inspecting and treating plants, soil, and water using unmanned aircraft.
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Goals and Approach
The primary objective of this project is to create a functional mission planner for a fixedwing unmanned aerial vehicle. The secondary goal of the project is to utilize the mission planner
to monitor plant health in any capacity, whether it is a golf course or a crop.
The thesis will be completed using a series of intermediate steps that are
necessary to reach the aforementioned goals. Before implementing an autopilot system, training
was done to fly the unmanned aircraft manually using a radio controller. This is essential
because, even equipped with a mission planner, there is always a chance that the aircraft could be
thrown off-course by environmental conditions. Under these circumstances, it is necessary for
the pilot to be able to take control and safely land the aircraft. When fully equipped with
autopilot and cameras, the vehicle carries an expensive amount of cargo, necessitating a safe
landing. After learning the fundamentals of manual flight, the autopilot hardware and
photography equipment will be implemented and utilized to coordinate autonomous missions.

Airframe Description and Modifications
The airframe utilized in this project, shown in Figure 1, is a flying wing model called an
FX-61.
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Figure 1. FX-61 flying wing aircraft.

A flying wing plane operates utilizing only a propeller and two ailerons. Typically, the motion of
a fixed-wing plane is controlled by two ailerons, an elevator, and a rudder. The elevator is
responsible for controlling the pitch, the ailerons control the roll, and the rudder controls the
yaw. The interaction of these three parameters is represented in Figure 2.

Figure 2. Interaction between pitch, roll, and yaw.1
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In the absence of a rudder and elevator, the ailerons are responsible for controlling rotation about
all three axes. This creates difficulties in manual control of the plane, because it is not possible to
change the yaw of the plane without rolling it as well. As the plane rolls, it loses some lift force,
causing the pitch to change and the elevation to decrease. This means that a simple turn requires
rotations and corrections with respect to all three axes.
The two ailerons on the FX-61 are controlled by servos, which can be seen in Figure 3.

Figure 3. The servos (highlighted in red) control the orientation of the ailerons. The
ailerons are connected to the wings by a thinner piece of foam that allows free rotation.

After initial manual flights, some modifications were made to the airframe in order to optimize
flight time and create space for the autopilot equipment. During manual flights with the 11.1
Volt 5 Amp hour battery, the battery began to die after about eighteen minutes. The structure of
the airframe was then analyzed to find room for improvement. The initial curvature of the
fuselage, visible in Figure 4, was visibly detrimental to propeller performance.
The foam surrounding the top of the motor was unnecessarily thick and reduced the
cross-sectional area through which the propeller would pull air. There was also a tail, highlighted
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in yellow, that promoted radial flow into the propeller and reduced efficiency. The tail and
unnecessarily thick foam were trimmed down and sanded to create a smooth surface for airflow.

Figure 4. A rear view of the FX-61 with the removed portion highlighted.

There were also some modifications made in order to place autopilot components in
optimal positions. The GPS module also has a compass built into it and needed to be separated
from other metal components due to magnetic interference. To avoid any possibility of
interference, the GPS was placed on the outside of the fuselage. A section of foam was cut out,
which was deep enough to secure the GPS in place. Tape was placed over top of the cutout to
secure the GPS and create a smooth surface for airflow. A small hole was also cut in the top of
the fuselage to create room for a telemetry antenna. Both of these modifications can be seen in
Figure 5.
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Figure 5. Airframe modifications for GPS and telemetry placement.

Introduction to NDVI Drone Photography
The type of photography mentioned in the introduction is referred to as
Normalized Difference Vegetation Index (NDVI) imaging. The foundation of NDVI imaging
comes from the reflectivity of plants under different wavelengths of light. When healthy, leaves
have a spongy layer on their bottom surface known as the mesophyll, which contains
chloroplasts.2 This layer is responsible for a significant reflection of near infrared light. If the
health of the plant is diminishing due to dehydration or other causes, this layer deteriorates.3
Consequently, the plants do not reflect nearly as much light.
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The concept behind NDVI imaging was developed by NASA scientist Compton
Tucker in 1977 and documented in his paper “Red and Photographic Infrared Linear
Combinations for Monitoring Vegetation.” Tucker examined numerous combinations of near
infrared, red, and green to find the best way to highlight areas of greater biomass density. He
found four different combinations that yielded fairly similar results, but the best results were
found using Equation 1, where VIS represents visible red wavelengths and NIR represents near
infrared.4
(1)
This equation has yielded excellent results when images are taken from far
distances and without interference. Satellite NDVI images of Earth have been recorded since
1989 and are now updated regularly by NASA. An NDVI image of Earth from January of 2016
is displayed in Figure 6.

Figure 6. NDVI image recorded by NASA between January 1st and January 17th.5

When images are taken from a closer distance, such as the altitude of a drone, the normalization
of the difference can become problematic. This is due to factors such as shadows, absorbing
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materials, and incident light. Because of these issues, it is sometimes beneficial to utilize the
numerator of Equation 1 without normalization. There have also been handheld sensors
developed to correct for the issues caused by the angle of incidence of solar radiation.6
Once the plane is operational with the autopilot system installed, NDVI cameras will be
added to the plane. Normal cameras can be modified to produce NDVI images by changing the
color scale to include near infrared instead of red. This can be done by adding near infrared filter
paper to the camera. Cameras with this modification can be purchased, but it is cost effective to
make the modification manually.

9

Plane Construction for Manual Operation
The physical and electronic setup of the plane varies depending on whether it will be
controlled manually or by autopilot. The build for manual operation is simpler, but controlling
the vehicle is much more difficult. The equipment required for the manual build includes the
airframe, DX7 transmitter, receiver, motor, propeller, and servos.

Electronic Configuration
The setup of electronics within the plane is shown in Figure 7.

Figure 7. Electronic configuration for manual flight.
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The Spektrum AR8000 receiver is connected to the two servos, electronic speed control,
and its radio, which receives its signal from the DX7. The three necessary ports on the AR8000
are labeled "THRO," "AILE," and "ELEV." The "THRO" port is connected to the electronic
speed control, which is connected to the motor and controls its speed. Each aileron is connected
to either an "AILE" or "ELEV" port. A detailed view of the AR8000, with labeled ports, is
visible in Figure 8. Typically, an aileron would not be connected to the elevator port, but a
setting in the DX7 allows for aileron and elevator mixing. This setting allows for easier control
of the plane and is discussed in the section below.

Figure 8. Spektrum AR8000 Receiver

In order to maintain a level orientation during flight, the components within the plane
must be arranged so that the plane is balanced. This was done by locating the center of gravity of
the plane, and moving the components until it was level. The center of gravity is located directly
in the middle of the fiberglass tube that runs through the plane. The balance was tested by
loosely holding the plane underneath by the fiberglass tube, and making sure it did not tip either
direction.
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DX7 Transmitter Setup and Operation
The Spektrum DX7 is a 7-channel 2.4 GHz transmitter, visible in Figure 9, utilized for
radio control of vehicles. It communicates with the AR8000 receiver to control the ailerons and
motor of the plane. The DX7 was first bound to the AR8000 receiver, and then used to calibrate
the servos so that the full range of motion of the joysticks is utilized on the DX7. This also
calibrates the sensitivity of the servos so that the plane does not make sudden, jerky movements.

Figure 9. DX7 Transmitter.

Once the joysticks were calibrated and the transmitter was set up, the DX7 was
used to control the plane manually. When moved up and down, the joystick circled in red
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controlled the throttle of the motor. The joystick circled in blue controlled the ailerons. When
pushed directly upward or downward, the ailerons rise or fall together to change the elevation of
the plane. If moved left or right, the ailerons move in opposite directions and cause the plane to
roll and turn. Diagonal motion of the blue joystick allows a combination of the two controls that
the position is between.
The button on top of the transmitter, circled in yellow, is utilized for training.
Two transmitters can be bound together, and a more experienced pilot can allow a trainee to
control the vehicle at any time. When the button is held down, the trainer is in control, and the
opposite is true when the button is released. This function was used to learn the basics of flight
before moving into autopilot control.

Simulated Flight Training
Before beginning manual flight training with the actual plane, Aerosim software was
used to gain some familiarity with controls. The software included a flying wing plane with the
same controls as the FX-61. Because the DX7 transmitter was not compatible with the Aerosim
software, a HiTEC Laser 6 transmitter, displayed in Figure 10, was used for training.
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Figure 10. HiTEC Laser 6 Transmitter.
Specific details and instructions that were used for Aerosim training are available in
Appendix A.1.
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Plane Construction for Autonomous Operation

Autopilot Equipment Introduction
The autonomous assembly required more equipment and a more complex setup than that
of the manual assembly. The Spektrum AR8000 receiver radio was the only piece of equipment
from the manual build that was not necessary for the autonomous build. However, the AR8000
was still necessary for the autonomous setup because the transmitter can still be used in
emergency situations or for minor orientation corrections. In addition to the manual equipment,
autopilot hardware was added within the fuselage. A 3DRobotics Pixhawk autopilot, shown in
Figure 11, was used for the project. The Pixhawk has an internal accelerometer, gyroscope, and
magnetometer to monitor the orientation of the plane. Other components external to the Pixhawk
but necessary for its operation were a buzzer, safety switch button, and power module. The
functions of these components and their placement will be described in the Electronic
Configuration section.
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Figure 11. Pixhawk autopilot hardware.
In addition to the central Pixhawk unit, 3DRobotics global positioning system and
telemetry modules were also implemented. Without the GPS module, the Pixhawk can still
simplify flight through orientation and elevation control, but pre-planned missions cannot be
completed. The GPS unit can be seen in Figure 5 and also contains a compass, in addition to the
compass inside of the Pixhawk. The external compass is advantageous because it can be
mounted outside of the fuselage and away from any components that may cause magnetic
interference. The telemetry units are two antennas that can be connected to the Pixhawk and a
computer, from which the plane can be controlled and missions can be mapped.

Electronic Configuration
The electronic configuration of the autonomous assembly within the fuselage is visible in
Figure 12. This arrangement was reached after taking some potential problems into
consideration. Before the Pixhawk was placed in the plane, firmware was loaded into it via
Mission Planner. More details and instructions regarding the firmware can be found in Appendix
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B.1. The placement of the Pixhawk was crucial for any success in flight. The Pixhawk needed to
be placed as close to the center of gravity as possible so that the accelerometer and gyroscope
sense all changes in plane orientation. It also needed to be oriented with the arrow facing the
same direction as the external GPS so the compasses, GPS, accelerometer, and gyroscope were
operating under the same conditions.

Figure 12. Electronic configuration for autonomous operation.
The safety switch button was placed near the hole in the bottom of the plane so that it can
be quickly accessed. This is because the safety switch is used to both arm and disarm the plane.
When the plane is armed, its motor and servos are fully operable. Details and instructions about
arming the plane can be found in Appendix B.2. The telemetry unit was placed on the elevated
foam surface so that the antenna would extend outside of the fuselage. This positioning is to
allow for optimal communication with limited interference. Similar to the manual assembly, the
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battery is the heaviest item in the plane. The position of the battery was determined last by
moving it around until the plane was balanced.
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Autopilot Software

Mission Planner Introduction
With the autopilot hardware onboard the FX-61, the plane can be controlled from the
ground using a software called Mission Planner, created by ArduPilot. Reference 7 was used to
aid the autonomous plane construction and Pixhawk calibration. Mission Planner receives flight
data from the Pixhawk, such as velocity, altitude, pitch, and yaw. All of this data can be read
directly from the screen of the connected laptop computer to ensure the flight is going as
planned. Missions are planned in the software by mapping waypoints on a satellite map by
latitude and longitude coordinates. As the plane completes its flight, a visual representation of
the plane is shown moving around the map, which also serves to ensure nothing goes wrong. The
Flight Data interface of Mission Planner is shown in Figure 13.
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Figure 13. Mission Planner flight data interface.

Pixhawk Calibration
Before the plane could fly missions on autopilot, a connection needed to be established
between the Pixhawk and Mission Planner, and the Pixhawk needed to be calibrated. The
connection between Pixhawk and Mission Planner is the result of connecting a telemetry unit to
both the Pixhawk and the laptop. The calibration of the Pixhawk is necessary so that the
accelerometer and compass have accurate reference points.
Before calibration begins, the plane must already be balanced and have its electrical
components in place. This is because the calibration develops parameters that will govern the
orientation of the plane while operating in autopilot mode. Therefore, everything needs to be
exactly as it will be when the plane is actually flying. The calibration of the accelerometer
involved holding and rotating the plane in different positions so that relevant parameters could be
developed. Compass calibration needed to be completed a safe distance away from metal
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components to avoid magnetic interference. After two failed attempts in an office, the compass
calibration was successful outside. The majority of the Pixhawk calibration is coordinated by the
"Wizard" tool under the "Initial Setup" tab in Mission Planner. However, minor adjustments may
be necessary. Further details and instructions regarding Pixhawk calibration can be found in
Appendix B.3.
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Results and Conclusions

Autopilot Flight Attempt
Following Pixhawk calibration and complete autopilot construction, the FX-61 was tested
by flying an autopilot mission. The mission, displayed in Figure 14, was designed to have the
plane fly a closed loop in the agricultural fields southwest of Penn State's campus.

Figure 14. Test mission for autopilot flight.
The mission was set for a total distance of approximately half of a mile, and the plane was to
maintain an altitude of 60 feet relative to the starting point. This altitude was chosen based on
altitudes from previous manual flights. It is also possible to use the distance from the ground as
the altitude throughout the mission by using the "Verify Height" feature. This utilizes terrain data
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from Google Earth to ensure that the plane will not crash in areas of varying ground altitude.
This feature was not used for this mission because the starting point is on top of a hill, so all
other waypoints are already at a lower altitude. Each waypoint was given a radius of 30 feet.
Minor disturbances, such as wind, can cause the plane to fly slightly off course, which means the
waypoint must have some tolerance in order for the mission to continue. The final mission
command is referred to as a "Return to Launch." This means that the plane will fly back to its
home point after reaching the final waypoint, and then circle until switched back into manual
mode. More specific details and instructions regarding mission planning can be found in
Appendix B.3.
The plane was launched by hand and controlled manually in the direction of the first
waypoint until it reached an altitude of about 60 feet. It is possible to implement an automatic
takeoff function into the mission, but it was not necessary because of the manual flight training.
Using Mission Planner, the plane was then switched into autopilot mode. The plane successfully
reached the first waypoint within the allowable thirty foot radius, but did not turn sharp enough
to reach the second waypoint. To avoid damages or loss of the plane, manual control was taken
and the plane was landed with little damage. Upon inspection of the plane, the adhesive between
the right aileron and the servo arm had worn out. This meant that there was slipping between the
servo and aileron, causing the servo to move without full range of motion. Consequently, the
plane was not turning as fast as it should have been to reach the next waypoint.
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Recommendations for Future Research

Hardware Modifications
There are several changes that could be made to the FX-61 to improve its handling,
efficiency, and overall organization. The first of these changes concerns overall organization and
safety. The existing motor mount, visible in the rear view of Figure 4, is plastic and does not
provide significant clearance between the motor and the back of the aircraft. An aluminum motor
mount, which is larger in both diameter and length, can be used to replace the current motor
mount. This provides more distance between the back of the aircraft and the propeller, which
leads to a safer hand launch. The electronic speed control and its wires could also be moved
partially into the motor mount, which would reduce clutter and damage to wires due to coiling.
This configuration would be much more organized than the one seen in Figure 12.
The servo location in the current assembly is not ideal for durability purposes. As
the results from the first flight attempt show, the servos can be easily damaged. Because of this,
it would be better to place the servos on the suction side of the wings. This would not affect the
range of motion of the ailerons and would reduce landing damage to the servos. This could have
prevented the issue that caused the first flight attempt to fail.
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Autopilot Modifications
The stability of autonomous flight can be improved as well. This is done through
fine tuning in Mission Planner. The initial Pixhawk calibration produces values that are usually
reasonable for flight, but it is recommended that they are fine tuned afterward. Fine tuning can be
done using two different flight modes in Mission Planner. Fly By Wire A is an assisted flight
mode that maintains pitch and roll values specified by the operator. After flying in this mode,
fine tuning can be done to necessary parameters in Mission Planner. Autotune flight mode flies
similarly to Fly By Wire A, but makes the parameter changes using code built into Mission
Planner. The downside to Autotune is that it requires a lot of flight time for accurate tuning.

25

Appendix A

Simulation Details

A.1 AeroSim RC Setup Details

1. Install AeroSim RC.
2. Choose "Configuration A" or "Configuration B" to set up transmitter controls. AeroSim
can save two different transmitter configurations.
3. Select the transmitter manufacturer and model. For example, this project utilized a HiTec
Laser 6 transmitter.


Some new models are not compatible.

4. Select the number of channels available on the transmitter. This is usually included in the
model name.
5. When the transmitter calibration menu is reached, check the boxes for aileron, elevator,
and throttle. The rudder is not necessary for a flying wing model.
6. Follow the on-screen prompts until a scenery is chosen and the plane appears on a
runway and ready to fly.
7. Press CTRL+O to select a different model.


Select "FlyingWing" for the best simulation of FX-61 flight.

26

Appendix B
Autonomous Construction Details
B.1 Mission Planner Firmware Instructions
The firmware differs depending on the type of aircraft that is being used. For the FX-61 fixed
wing plane, ArduPlane is used.
1. Click the "Initial Setup" tab from the toolbar located along the upper-left side of the
interface.
2. Select the ArduPlane option.
3. Select Yes when it asks "Are you sure?"
4. It will then display the following prompt: "Please unplug the board, and then press OK
and plug back in. Mission Planner will look for 30 seconds to find the board." Unplug the
Pixhawk board, then press OK, then plug the board back in.
5. If the connection was successful, you will a status appear on the bottom right corner of
the screen that says "Upload Done". If the connection was not successful, an error
message will appear.
6. In order to test that the connection was successful, switch back to the "Flight Data" tab.
In the bottom left quadrant of the screen, parameters such as speed, yaw, and altitude are
listed. When the Pixhawk is translated and rotated, the parameters should change
accordingly.

B.2 Arming Details and Instructions
The plane can only be armed once the Pixhawk has been calibrated and a GPS lock has been
acquired. Arming the plane means the propeller and servos are active. Do not arm the plane
unless you intend to fly, and are in an appropriate setting.
1. Power the plane and Pixhawk with the battery.
2. Wait for the Pixhawk to acquire GPS lock.


The central, largest LED light will flash green once GPS lock has been acquired.
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3. Press and hold the safety switch button in until the LED light turns solid green. This
means the servos are armed.
4. The throttle has an extra failsafe built-in to avoid accidents. Apply full right rudder for a
few seconds until the Pixhawk buzzer plays a brief harmonic sound, which indicates the
motor is armed. In flying wing planes without rudders, the throttle stick must still be
pulled right to pass the failsafe.

B.3 Mission Planning Details and Instructions
1. Before mission planning, open the "Config/Tuning" tab from the toolbar along the top of
the screen in Mission Planner.
2. Select the "Planner" tab from the menu along the left side of the screen.
3. Select your preferred distance and speed units. These units will be implied when
specifying parameters for the flight plan.
4. Open the "Flight Plan" tab in Mission Planner.
5. Set the "Home Location" on the right side of the screen to the location from which the
plane will be launched.


Missions can be mapped without being at the location that they will be flown, but
the latitudinal and longitudinal coordinates of the launching position must be
known.



Otherwise, the home location will automatically be set to the location where the
GPS lock was acquired. This is the easiest way to start mission mapping, but the
plane should not be powered until it is at the launching location.

6. Configure the "Waypoint" settings at the bottom of the screen.


The Waypoint Radius is the radius of the circular area through which the plane
must pass in order to proceed to the next waypoint.



The Default Altitude is the altitude that waypoints will automatically assume
unless otherwise specified. This is also the altitude that will be utilized for the
"Return to Launch" feature.



The dropdown arrow to the right of Default Altitude specifies the datum for the
altitude measurement. "Absolute" altitude is the distance from sea level.
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"Relative" altitude is the altitude relative to the launch point, and is the easiest to
use. "Terrain" altitude is the altitude relative to the ground. This means that the
plane will adjust its altitude throughout the entire mission to the ground level
below.


The "Verify Height" feature is similar to the "Terrain" altitude setting, except it
only applies to each way point rather than the continuous path.



Waypoints can be mapped by simply clicking on the map or by selecting "Add
Below," choosing the "Waypoint" option, and specifying latitude and longitude
coordinates. Unless you are attempting an autonomous takeoff, a waypoint should
be the first command in the mission.



The "Alt" column represents the altitude the plane will reach when it reaches that
waypoint.



If landing in Manual mode, the last two commands should be "Return to Launch"
and "Loiter." This means the plane will return to its launch point and fly in circles
at a fixed altitude until it is changed into manual mode. If landing autonomously,
the last command should be "Land."

7. Select "Save WP File" from the menu located along the right side of the "Flight Data"
interface.
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 Reconstructed bills of materials through research of work orders and design
drawings
January 2015 - May 2015
Teaching Intern, Engineering Statistics and Instrumentation
The Pennsylvania State University, University Park, PA
 Worked under the supervision of Dr. Zoubeida Ounaies, Associate Professor of
Mechanical Engineering
 Helped students with questions about course material during class and office hours
 Prepared detailed homework solutions and graded assignments
Home Improvement Sales Associate
July 2012 - July 2014
Sears Holdings Corporation, West Mifflin, PA
 Balanced 20+ hours of work per week with full-time student responsibilities
ACTIVITIES, HONORS, AND AWARDS
Boeing Outstanding Mechanical Engineering Junior Award Winner [Spring 2015]
Florence and Charles Haines Memorial Scholarship [Fall 2014 - Present]
Member of the American Society of Mechanical Engineers [Spring 2015 - Present]
Won first place in the Penn State Greater Allegheny Research Conference [Spring 2014]
 Designed and constructed a small scale, self-balancing, two-wheeled vehicle in
collaboration with two other students
Peer Tutor for Physics 211 - Mechanics [Fall 2013]
 Enhanced student learning through targeted questions and guidance during in-class
activities and office hours
Penn State Greater Allegheny Honors Scholar [Fall 2012 - Spring 2014]
 Participated in the Honors Research Conference all four semesters
Blue and White Scholarship Recipient [Fall 2012 - Spring 2014]
Renaissance Scholarship Recipient [Fall 2012 - Present]
RELEVANT TECHNICAL SKILLS
Microsoft Office
Basic Knowledge of C++ Programming
Solidworks
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